This report documents the formation of stable fetal cardiomyocyte grafts in the myocardium of dystrophic dogs. Preliminary experiments established that the dystrophin gene product could be used to follow the fate of engrafted cardiomyocytes in dystrophic mdx mice. Importantly, ultrastructural analyses revealed the presence of intercalated discs consisting of fascia adherens, desmosomes, and gap junctions at the donor-host cardiomyocyte border. To determine if isolated cardiomyocytes could form stable intracardiac grafts in a larger species, preparations of dissociated fetal canine cardiomyocytes were delivered into the hearts of adult CXMD (canine X-linked muscular dystrophy) dogs. CXMD dogs, like Duchenne muscular dystrophy patients and mdx mice, fail to express dystrophin in both cardiac and skeletal muscle. Engrafted fetal cardiomyocytes, identified by virtue of dystrophin immunoreactivity, were observed to be tightly juxtaposed with host cardiomyocytes as long as 10 wk after engraftment, the latest date analyzed. Confocal laser scanning microscopy revealed the presence of connexin43, a major constituent of the gap junction, at the donor-host cardiomyocyte border. The presence of intracardiac grafts was not associated with arrhythmogenesis in the CXMD model. These results indicate that fetal cardiomyocyte grafting can successfully augment cardiomyocyte number in larger animals. (J. Clin. Invest. 1995Invest. . 96:2034Invest. -2042
Introduction
It is generally believed that the proliferative capacity of the adult mammalian myocardium is limited. Consequently cardiomyocyte loss resulting from injury or disease is essentially irreversible. The ability to augment cardiomyocyte number might therefore be of therapeutic value, provided that the new myocytes functionally integrate with the pre-existing myocardium.
One potential approach to augment myocyte number in the adult heart entails the direct engraftment of isolated muscle cells. It is now established that several types of myocytes can be stably introduced into the adult murine myocardium. For example, AT-1 tumor cardiomyocytes (a differentiated tumor cell lineage derived from transgenic mice which expressed the SV-40 large T-antigen oncoprotein in the myocardium) formed stable intracardiac grafts in the hearts of syngeneic adult animals (1) . The usefulness of AT-1 cardiomyocytes for long-term engraftment studies is dramatically limited due to their transformed phenotype. C2C12 myoblasts have also been used to generate cardiac grafts (2) (3) (4) . Engrafted C2C12 myoblasts rapidly withdrew from the cell cycle and fused to form myotubes (2) . Although the nascent myotubes were observed to be aligned with host myocardial fibers, the potential for functional coupling between host and donor myocytes is currently unknown. More recently, fetal murine cardiomyocytes were used to form stable grafts in the adult heart (5) . These experiments relied on the use of transgenic mice (designated MHC-nLAC) which expressed a nuclear localized ,3-galactosidase (,/GAL)' reporter gene in cardiac myocytes. The fate of engrafted donor cells was tracked by virtue of the transgene-encoded /3GAL activity. While desmosomes were observed to connect donor cells with the host myocardium, the presence of nascent gap junctions could not be established unequivocally. The fetal cardiomyocyte grafts were not arrhythmogenic, and were present for as long as 6 mo (5) .
Although these studies collectively demonstrated that augmentation of myocyte number in the adult murine heart is feasible, it was not clear if the process would be equally successful in larger species. The importance of this caveat is underscored by results obtained with myoblast transfer into skeletal muscle beds: although the procedure worked well in murine systems (6) (7) (8) , results obtained to date in humans and dogs have been relatively disappointing (9-11).
As indicated above, fetal cardiomyocyte engraftment experiments require a reliable marker with which to follow the fate of donor cells. The initial studies in mice utilized a cardiomyocytespecific /3GAL transgene reporter. Unfortunately the use of analogous transgene reporters in larger species more amenable to interventional cardiovascular experimentation and functional 1 . Abbreviations used in this paper: ,3GAL, 3-galactosidase; CXMD, canine X-linked muscular dystrophy; ECG, electrocardiogram; H and E, hematoxylin and eosin; TEM, transmission electron microscopy; X-analyses is fiscally and experimentally impractical. A series of murine experiments was therefore initiated to determine if naturally occurring polymorphisms or mutations could be exploited to follow the fate of engrafted fetal cardiomyocytes. The dystrophin gene product was selected because it is expressed at high levels in cardiac as well as skeletal muscle. These studies served as a direct prelude for experiments in larger species, as both murine and canine models lacking the dystrophin gene product are available.
The results reported here indicate that the dystrophin gene product can be reliably used to monitor the fate of engrafted fetal cardiac myocytes in dystrophic mdx mice. Nascent intercalated discs comprised of desmosomes, fascia adherens, and gap junctions were observed to connect host and donor cardiomyocytes in the murine model. Analogous experiments using canine X-linked muscular dystrophy (CXMD) dogs, a canine model of Duchenne muscular dystrophy, indicated that fetal cardiomyocyte engrafting was readily extended to larger species more amenable to physiologic characterization. Connexin43 immunoreactivity was observed at donor-host cardiomyocyte borders, suggesting the formation of gap junctions. Importantly, the presence of fetal cardiomyocyte grafts in the canine myocardium did not predispose the host animals to overt arrhythmogenic episodes. The (12) . Isolated cells were rinsed once with DME supplemented with 20% FBS, and then three times with serumfree DME before engraftment. For engraftment, CXMD dogs (6-9 mo old) were sedated and anesthetized as described above. The dogs were prepared for surgery, and the chest opened in layers at the fifth intercostal space. The left lung was reflected away from the heart, the pericardial fat dissected, and a 5-cm incision made in the pericardium. After the fetal cardiomyocytes were delivered, a vacuum tube was placed in the thoracic cavity to remove blood and fluids. The chest was closed in layers using continuous and/or interrupted suturing, the skin was closed with skin staples and air in the thoracic cavity was evacuated using the Valsalva technique. The dogs were gradually weaned from the gas anesthetic agent by progressively reducing the Isoflurane flow rate to zero, and then challenged to begin independent respiration. To block graft rejection, dogs were treated daily with cyclosporine (15 mg/kg) and corticosteroid (2 mg/kg), starting 1 d before engraftment. After one week, the treatment was reduced to alternating days for the duration of the study.
Immunohistologic analysis offetal cardiomyocyte grafts. After sacrifice, engrafted hearts were dissected, cryoprotected in 30% sucrose, embedded and sectioned at 10 jm using standard histologic techniques (13). For anti-dystrophin immunohistology (murine and canine grafts), sections were incubated with CAP 6-10 (gift of Dr. T. Byers, Indiana University) or DYS1 (Novocastra Laboratories, Newcastle upon Tyne, UK) in 1 x PBS, 1% BSA for 24 h at 40C, rinsed and reacted with a rhodamine conjugated secondary antibody. For anti-utrophin immunohistology (canine grafts), sections were incubated with monoclonal antibody DRP2 (which recognizes the utrophin isoform which is upregulated in dystrophic tissue, Novocastra Laboratories) in 1 x PBS, 1% BSA for 60 min at room temperature, rinsed, and signal was amplified with the biotin-strepavidin system using a FITC conjugate. For X-GAL (5-bromo-4-chloro-3-indolyl-,6-D-galactoside) staining (murine grafts), sections were postfixed in acetone:methanol (1:1) and overlaid with 1 mg/ml X-GAL, 5 mM potassium ferricyanide, 5 free wall in an open chest procedure as described previously (1, 5) .
Immunohistologic analyses revealed the presence of dystrophin-positive donor cardiomyocytes within the dystrophinnegative host myocardium at one month post-engraftment ( Fig.  1, A and B). Dystrophin positive cells were detected in approximately 60% (n = 44) of the animals receiving fetal cardiomyocyte injections, in agreement with previous results which relied on the MHC-nLAC reporter (5) . To rule out the possibility that the observed dystrophin immunoreactivity was due to reversion at the dystrophin locus in host cardiomyocytes, adjacent sections were stained with X-GAL. The donor cardiomyocytes were easily identified by intense blue nuclear staining due to the /3GAL reporter (Fig. 1, D and E). These data indicated that the dystrophin gene product could be used to follow the fate of engrafted fetal cardiomyocytes. As expected, neither dystrophin nor X-GAL signal could be detected in control sections of nonengrafted mdx myocardium (Fig. 1, C and F, respectively) .
Finally, it is of interest to note that although the overall distribution of dystrophin positive cells was similar to the distribution of X-GAL positive cells on adjacent sections (compare Fig. 1 , A and B to D and E, respectively), the number of graft cells appeared greater with dystrophin staining. Since a 10-,um section will undoubtedly miss a significant number of the nuclei present in the cardiomyocytes sampled, this discrepancy is simply an artifact of sectioning.
Although previous studies clearly identified the presence of desmosomes and fascia adherens between engrafted fetal cardiomyocytes and the host myocardium, the presence of gap junctions was not established (5) . Collectively these three structures comprise the intercalated disc, a cardiomyocyte junctional complex which frequently exhibits a step-wise morphology consisting of transverse and lateral regions. The desmosomes (intercellular contacts responsible for the propagation of contractile forces) and fascia adherens (cell membrane anchors for the terminal actin filaments of the myofibril) reside in the transverse region of the intercalated disc. The lateral area of the intercalated disc contains gap junctions, which are the electrical conduit for action potential propagation through the myocardium. The formation of gap junctions between donor and host myocardium is an absolute prerequisite for excitation-contraction coupling.
Engrafted mdx hearts were subjected to ultrastructural analyses to unequivocally establish the presence of gap junctions between donor and host cardiomyocytes. The fixation, staining and embedding procedures were optimized so as to retain satisfactory morphology while providing unambiguous identification of donor and host cells. Engrafted fetal cardiomyocytes were observed to be tightly juxtaposed with host cells (Fig. 2 A) . As in previous studies (5), donor cardiomyocytes were identified by the presence of the X-GAL reaction product, which appeared as a perinuclear crystalloid deposit (Fig. 2 D, arrows) . Host cardiomyocytes lacked the perinuclear crystalloid deposit (Fig. 2 B) . Desmosomes and fascia adherens were observed in the transverse regions of an intercalated disc in low magnification micrographs (Fig. 2 A, arrows) . Examination of high magnification micrographs revealed the presence of laminar structures on the lateral region of the intercalated disc (Fig. 2 C, arrows): this structural motif is diagnostic for gap junctions. Thus all of the physical attributes required for action potential and force propagation are present between the donor and host cardiomyocytes in the murine system.
To determine if the fetal cardiomyocyte grafting procedure could be extended to larger species, experiments were initiated with CXMD dogs (14) (15) (16) (17) . Like Duchenne patients and mdx same field under fluorescence illumination indicated that a large mice, CXMD dogs do not express dystrophin ( 14) . As such, the dystrophin gene product could once again be used to follow the fate of engrafted cardiomyocytes. CXMD dogs were grafted with fetal cardiomyocytes isolated from early third trimester mongrel animals. In all cases, a portion of the fetal heart was subjected to immunohistologic analyses to ensure that the donor cells were dystrophin positive. The recipients were maintained on a regimen of cyclosporine and corticosteroid treatment to prevent graft rejection. Hearts were harvested-at various times after implantation, and the engrafted region was dissected and processed for immunohistology using either the CAP 6-10 or DYS1 anti-dystrophin antibodies.
Phase contrast analysis of engrafted regions from CXMD hearts revealed a typical myocardial morphology exhibiting well-aligned cardiomyocytes (Fig. 3 A) . Visualization of the number of these cardiomyocytes were dystrophin positive donor cells (Fig. 3 B) . In contrast, no dystrophin signal was observed in regions of the myocardium which were not engrafted, consistent with the low reversion rate for this mutation. It should also be noted that the rare reversions which do occur in the CXMD myocardium invariably appear as isolated myocytes (B. J. Cooper, unpublished observation), rather than as the relatively large regions of dystrophin positive cells which were seen in the engrafted hearts (Fig. 3, B and C) .
Additional immunohistologic analyses were performed with an anti-utrophin antibody. Utrophin, an autosomal homologue of the dystrophin locus, has been observed to be up-regulated in dystrophic muscle (18) (19) (20) . Utrophin is also markedly upregulated in the dystrophic CXMD myocardium as compared to the non-dystrophic canine heart (Fig. 3, E and F, respec- (green fluorescence) immunoreactivity in the same section depicted in G and H. Note the absence of yellow signal, indicating that dystrophin and utrophin immunoreactivity does not co-localize. In all cases, dystrophin immunoreactivity was confirmed with both the CAP 6-10 and the DYS1 antibodies on adjacent sections. tively). The virtual absence of immunoreactivity in the nondystrophic myocardium suggested that utrophin could be used as a second, albeit negative, marker for the engrafted cardiomyocytes. Engrafted regions from a CXMD heart were therefore examined simultaneously for dystrophin and utrophin expression using confocal microscopy. Anti-dystrophin immunohistology (red signal, Fig. 3 G, arrows) revealed the presence of a group of engrafted fetal cardiomyocytes. Although utrophin immunoreactivity was uniformly present in the host myocardium on the same section (green signal, Fig. 3 H) , virtually no immunoreactivity was detected in the dystrophin positive graft cardiomyocytes (arrows). Visualization of both signals simultaneously (Fig. 3 1) confirmed the absence of dystrophin and utrophin co-localization, which would appear as a yellow signal in this assay. This observation is consistent with the absence of utrophin expression in the nondystrophic myocardium, and thus provides a second marker for the engrafted cardiomyocytes.
Engrafted regions of the CXMD hearts were also examined for connexin43 expression. Connexin43 is the major constituent of the cardiac gap junction (21 ) . Confocal microscopy revealed the presence of a host cardiomyocyte aligned longitudinally between two donor cardiomyocytes, as evidenced by anti-dystrophin immunohistology (Fig. 3 D) . Connexin43 immunoreactivity was apparent at junctional complexes between the donor and host cells, suggestive of the presence of coupling. Unfortunately the absence of a suitable histochemical stain for the canine donor cells precluded ultrastructural assessment of donor-host gap junction formation.
Successful rescue of damaged myocardium will require that the donor myocytes be seeded at a sufficiently high density to impact on myocardial function. Experiments were therefore initiated to estimate the percentage of cells which were dystrophin positive at a given site of injection. On average 37% of the cardiomyocytes in the immediate vicinity of the injection (Table II) . Furthermore, the myocardium could readily accommodate multiple injections of donor cardiomyocytes within a relatively confined area (Table II). Optimization of these variables undoubtedly will impact on the number of cardiomyocytes which can be engrafted at a given site. Surface electrocardiographic analysis of engrafted mdx mice failed to detect overt graft-induced arrhythmias, in agreement with previous observations (1, 2, 5) . However, the relatively small size and rapid rate of the mouse heart might render these animals resistant to arrhythmia. In contrast, the utility of canine models for the assessment of cardiac arrhythmia is well established (22) . Electrocardiographic (ECG) analysis of each of the engrafted CXMD dogs were therefore performed immediately prior to sacrifice. Fig. 4 shows a representative record; this ECG was recorded from the animal sacrificed 10 wk after engraftment. The 12-lead ECG from this animal was normal, and no premature complexes or conduction disturbances were detected. The strip record demonstrated a sinus rhythm typical for anesthetized dogs (23) , indicating that the presence of fetal cardiomyocyte grafts does not appear to induce overt arrhythmia in the canine model.
Discussion
Cardiac dysfunction is frequently associated with loss of myocardial mass. The ability to increase the number of functional cardiomyocytes in a diseased heart would thus have potential therapeutic value. The experiments presented here demonstrate that fetal cardiomyocytes can form stable grafts in the adult canine heart. Engrafted donor cells were observed to be tightly juxtaposed and well aligned with host cardiomyocytes. Connexin43 immunoreactivity was detected by confocal microscopy at junctional complexes between donor and host cells, indicating (within the limits of the assay) the formation of gap junctions. The presence of fetal cardiomyocyte grafts did not induce overt arrhythmia in the canine experiments. Cellular engraftment can thus successfully augment cardiomyocyte number in the adult canine heart. Ultrastructural analysis of analogous experiments with mice revealed the presence of complete intercalated discs between donor and host cardiomyocytes. Collectively, these results raise the possibility that engraftment of fetal cardiomyocytes might provide a mechanism to augment myocardial function in large animals.
The canine grafting experiments utilized the dystrophin gene product as a marker with which to follow the fate of donor cardiomyocytes. The utility of dystrophin as a cell fate marker was initially established using donor cells from MHC-nLAC transgenic mice and dystrophic mdx hosts. All graft cardiomyocytes which exhibited /GAL activity also expressed dystrophin.
Nonetheless, it is important to recognize that some studies have been hampered by the appearance of dystrophin immunoreactivity in control dystrophic skeletal and cardiac muscle (9, 24) . It was suggested that the appearance of anti-dystrophin immunoreactivity might be due in part to the extreme size of the dystrophin structural gene. The stochastic accumulation of additional mutations within the gene, while insufficient to rescue dystrophin function, might be sufficient to generate a gene product recognized by some anti-dystrophin antibodies. Fetal cardiomyocyte grafts in the CXMD hearts were initially screened with was not directly addressed in the current study, evidence supporting the notion that the engrafted cells were functionally coupled was obtained. Ultrastructural analysis clearly indicated the presence of complete intercalated discs between host and donor cardiomyocytes in the murine model. Modification of the fixation procedure permitted the unambiguous identification of gap junctions in the current study. Thus the requisite structures for both action potential and contractile force propagation between donor and host cardiomyocytes are present in the engrafted hearts. The presence of appropriately localized connexin43 immunoreactivity suggested that a similar degree of physical coupling may also occur in the canine grafts. Importantly, graft cardiomyocyte sarcomeres were observed to be aligned and in register with those in host cardiomyocytes, consistent with their participation in a functional syncytium. Definitive assessment of functional coupling between donor and host cardiomyocytes will be dependent upon the localization of donor cardiomyocytes with a vital dye which can be exploited in conjunction with electrophysiologic and/or contractile assays.
Unfortunately, none of the vital ,6GAL dyes tested worked sufficiently well with intact live tissue to enable us to identify engrafted regions.
Several other issues must be addressed when considering the potential of therapeutic cellular grafting. The current study demonstrated that fetal cardiomyocyte grafts did not induce overt cardiac arrhythmia in the canine model. Indeed, 12 lead ECGs recorded from engrafted animals were indistinguishable from controls. Although previous studies failed to detect graftinduced arrhythmia in murine experiments (5) , the significance of those observations was equivocal given the relative resistance of this species to arrhythmogenic episodes. The absence of conduction abnormalities in engrafted canine hearts is thus an important observation. Despite this favorable preliminary result, additional experiments are needed to determine if the graftmyocardium border acts as a predisposing substrate for arrhythmia. Long term screening with Holter monitors would provide additional information regarding any arrhythmogenic propensity resulting from the grafting procedure.
As indicated above, successful rescue of damaged myocardium will require donor myocyte seeding at a sufficiently high density to impact on myocardial function. Although relatively high seeding densities were observed in the present study ( The apparent plasticity of the dystrophic myocardium deserves comment. The degree of donor cell integration in both the mdx and CXMD models appeared superior to that observed previously with non-dystrophic hosts (5) . Although this observation is presently only phenomenological in nature, it is nonetheless important to consider to what extent the absence of dystrophin may influence donor cardiomyocyte integration. Dystrophin is thought to provide a link between the myocyte actin cytoskeleton and the extracellular environment. Since dystrophin is localized along the cytoplasmic face of the plasma membrane (reviewed in 25) , extracellular linkage would require the participation of a membrane spanning structure. The dystrophin-glycoprotein complex, a structure comprised of five dystrophin-associated proteins (26) , is thought to provide linkage between dystrophin and the extracellular matrix. Expression of these dystrophin-associated proteins is markedly reduced in dystrophic muscle from Duchenne patients, mdx mice and CXMD dogs (reviewed in 27) . Given that the dystrophin-glycoprotein complex undoubtedly influences myocyte-matrix interactions (and by extension myocyte-myocyte interaction), the apparent superior integration of donor cells in the mdx and CXMD myocardium might simply reflect intrinsic differences in cell-cell and/or cell-extracellular matrix interactions in dystrophic versus normal myocardium.
In summary, the experiments reported here establish that fetal cardiomyocyte grafting can readily be extended to the canine myocardium, and that the presence of intracardiac grafts does not overtly disrupt the normal autonomic function of the host heart. Additional experiments are required to optimize graft size and to establish the presence of functional donor-host cou- pling in the canine model. Once these goals are realized, the efficacy of fetal cardiomyocyte engraftment in a diseased myocardium can be examined rationally.
